Photoionization studies of GeH, (n=2-4)
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The adiabatic ionization potential of GeH,;* (GeH,) is measured by photoionization mass
spectrometry to be <10.53 eV and perhaps as low as 10.44 eV. This is about 0.8 eV (~9
vibrational quanta) lower than the value reported by photoelectron spectroscopy. This result,
analogous to that found for SiH," (SiH,), implies a marked Jahn-Teller distortion of GeH,".
The appearance potentials of GeH;" and GeH;" from GeH, are <10.77, + 0.009 eV and

< 11.65, 4+ 0.01 eV, respectively. The reaction of F atoms with GeH, generates GeH,, GeH,
(weakly), and some atomic germanium. The adiabatic ionization potential of GeH, is

<7.94; + 0.005 eV; that of GeH, is <9.25 eV. Together with auxiliary information, limits
(more probable values) of the incremental bond energies, in kcal/mol, are found to be D,
(H,Ge-H) <85.5 (82 + 2); D, (H,Ge-H) > 56.4 (59); D, (HGe-H) «<68.9 (66); and D,
(Ge-H) > 53.7 (63). These specific bond energies, when appropriately normalized, display
the same pattern as the SiH,, (but not the CH,,) bond energies and provide a basis for

estimating the corresponding SnH,, bond energies.

I. INTRODUCTION

The paucity of experimental data on the bond strengths
in the GeH,, system is astonishing, in view of the extensive
use of GeH,, in the semiconductor industry. Increased activ-
ity in recent years has clarified the thermochemistry of the
corresponding SiH,, system' and the bond strengths in meth-
ane are rather well known.>? However, in germane the avail-
able experimental data are limited to the GeH;—H bond en-
ergy*’ and an upper limit to D, (GeH).® Even these values
are not well established. The more recent results for the bond
energy of GeH,—H are 78.0 + 1.0 kcal/mol* and 83 + 2.4
kcal/mol.’ Earlier values are <92.3 + 4.6 kcal/mol® and
87.2 kcal/mol.” The upper limit for D, (GeH) (<3.3eV),?
based on an observed predissociation® in the 4 A state is not
a very useful upper limit, since D, (SiH) is 2.98 + 0.03 eV'
and one would expect D, (GeH) to be less than D, (SiH).

By contrast, accurate ab initio calculations, long limited
to first and second row elements, have recently been applied
to various aspects of the GeH,, problem. Balasubramanian
and Li'® have calculated the potential energy curves of sever-
al states of GeH, using multiconfiguration self-consistent
field (MCSCF) with second-order configuration interaction
(CI) and relativistic CI. They obtain D, (GeH) = 2.81eV
and recommend D, = 2.85 + 0.05 eV, based on comparison
of their calculations with other experimentally established
values. These numbers are equivalent to D, (GeH) = 2.70
or 2.74 4+ 0.05 eV, well below the upper limit (3.3 eV) de-
duced spectroscopically.

Several papers''™'* have focused their attention on the
X '4,—a ®B, splitting in GeH,, with calculated values rang-
ing from 19.1 to ~25 kcal/mol. The more recent separations
obtained are 22.8'%2 and 23.8'! kcal/mol, slightly higher than
in SiH,."'>-'7 However, no heats of formation or bond ener-
gies have been forthcoming from these calculations.

Within the past year, Kudo and Nagase'® have calculat-
ed the most stable structure of GeH," and the minimum
energy for decomposition of this parent ion into
GeH,” + H, and GeH;" + H. Their calculations
(MP4SDTQ/DZP + ZPC, fourth order Méller-Plesset
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perturbation theory including single, double, triple, and qua-
druple excitations, polarized double zeta basis set, with zero
point energy corrections) lead to a highly Jahn-Teller dis-
torted GeH," ground state, with C, symmetry, approaching
a GeH," ‘H, complex. In fact, the dissociation energy to
GeH," + H, is found to be only 4.9 kcal/mol, while the
process forming GeH;" + H is computed to require 25.5
kcal/mol. These results are rather similar to the observa-
tions on SiH;", both theoretical'’>® and experimental.'
Their calculated adiabatic ionization potential of GeH,
(10.2 eV) is far below the value (11.3 V) obtained from
photoelectron spectroscopy.”!

Our goal in the experimental work to be presented below
was to determine the successive bond energies as hydrogen
atoms are removed from GeH,, by a combination of appear-
ance potentials of fragment ions and adiabatic ionization po-
tentials of the GeH, (n = 1-3) free radicals. The method
used to determine these quantities is photoionization mass
spectrometry. Chemical reaction is used to generate the free
radicals in situ. A further goal was to examine the onset
energy of GeH,;" (GeH,).

. EXPERIMENTAL ARRANGEMENT

The basic photoionization mass spectrometric appara-
tus has been described previously.?? A tight (more enclosed)
ionization chamber was used for studies of stable GeH,,
while a more open chamber was employed for the free radi-
cal experiments. The chemical reaction used for generating
the GeH,, radicals was hydrogen abstraction by fluorine
atom interaction with GeH,, analogous to an earlier study’
of the products of the F + SiH, reaction. Additional experi-
ments were performed using atomic hydrogen and atomic
chlorine as reactants in an attempt to increase the yield of
GeH,, but these experiments were less successful.

il. EXPERIMENTAL RESULTS

Mass spectrometric studies with germanium com-
pounds are more difficult than, e.g., silicon compounds, be-

© 1980 American Institute of Physics 1865



1866 Ruscic, Schwarz, and Berkowitz: Photoionization studies

cause of the wide distribution of isotopes. The isotopic abun-
dances recommended by IUPAC (International Union of
Pure and Applied Chemistry)** are M70 (20.5%), M72
(27.4%), M73 (7.8%), M74 (36.5%), and M76 (7.8%).
This property causes overlap problems with different GeH .}
species and also reduces the effective abundance of any de-
sired species. Hence, one must devise the most effective
strategy for studying each particular species.

A. Photoionization of GeH,

It is illustrative to compare the photoionization mass
spectrum of GeH, with the He 1 photoelectron spectrum. In
Fig. 1(a), the He 1 photoelectron spectrum of the first two
(valence) bands®! is reproduced. An overview of the pho-
toionization mass spectrum (plotted on a photon energy
scale, to conform to the photoelectron scale) is given in Fig.
1(b). In constructing this figure, GeH," was measured at
the m/e = 80 position at shorter wavelengths, where conta-
mination from other species was possible at other masses. To
longer wavelengths, m/e =78 and m/e =76 were used.
This strategy, while avoiding isotopic contamination, had
the disadvantage that, when m/e = 80 was monitored, the
inherently weak GeH," was reduced by more than an order
of magnitude, since "°Ge has a small isotopic abundance.
The GeH," was monitored at m/e = 77, which is essentially
isotopically pure and fairly abundant, until the threshold of

GeH™ (GeH,). The GeH," species was measured at m/
e = 72. The spectrum shown in Fig. 1(b) has been corrected
for the various isotopic abundances and represents the frag-
mentation pattern of GeH,. Comparison of Figs. 1(a) and
1(b) reveals that a weak but significant GeH," intensity in
Fig. 1(b) extends well below { ~0.8 eV below) the adiabatic
threshold (11.3 eV) observed in the photoelectron spectrum
(PES) [Fig. 1(a)}. Even the first fragment ion GeH," has
its onset below 11.3 eV, but begins to increase significantly at
approximately the adiabatic threshold observed in PES. The
second fragment GeH;" approaches the background level
very gradually, even though its apparent onset occurs within
the Franck—Condon region represented by Fig. 1(a).

1. GeH} (GeHy)

The photoion yield curve of GeH," from GeH, is shown
in greater detail in Fig. 2. Some rounded step structure is
apparent as the curve approaches the threshold. There is
some tailing very near to threshold, which may be due to a
hot band, or to a very weak Franck—-Condon factor. We
choose the adiabatic threshold at 1178 A=10.53 eV, but it
may be as low as 1188 A=10.44 eV. As mentioned earlier,
this is 0.8 eV below the adiabatic threshold observed in
PES?' (nine or ten vibrational quanta), but ~0.3 eV higher
than the value obtained by Kudo and Nagase.'®
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FIG. 1. (a) He1photoelectron spectrum of the first band of GeH, (from Ref. 21). (b) Photoion yield of the various GeH,’ species from GeH, asa function of
photon energy. This spectrum has been corrected for isotopic abundance. O—GeHjt ; D—GeH;'; A—GeH,'; 0—GeH™; 7—Ge™.
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FIG. 2. The photoion yield curve of GeH,"” (GeH,).

The steplike features in the GeH," have about the same
spacing as the vibrational features in the photoelectron spec-
trum, which are observed at higher energy. The steplike fea-
tures cease and the curve begins to decline below ~ 1160 A,
just where the first fragment (GeH," ) begins to appear. In
the region below 1160 A, a new type of structure appears,
perhaps due to autoionization or selective predissociation.
Not only is GeH,;" very weak, but it has only been observed
in a relatively narrow wavelength region, between ~ 1080

1180 A. This general behavior (weak parent ion, step struc-
ture, narrow window of observation) is very similar to that
displayed by SiH," (SiH,).' Both GeH," and SiH," would
be very difficult to detect by electron impact mass spectrom-
etry.

2. GeHZ (GeH,)

This is the first fragment ion. A detailed photoion yield
curve of GeH," (GeH,) in the threshold region is displayed
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FIG. 3. The photoion yield curve of GeH," (GeH,) near threshold.

1200

J. Chem. Phys., Vol. 92, No. 3, 1 February 1990



1868 Ruscic, Schwarz, and Berkowitz: Photoionization studies

in Fig. 3. Although its onset is below the adiabatic threshold
observed in PES and hence it occurs in a weak Franck—Con-
don region, the approach to threshold is not far from linear.
The extrapolated appearance potential is 1156 + 1 A
=10.725 4+ 0.009 eV. When corrected for internal thermal
energy of GeH, (1.097 kcal/mol at 300 K), the 0 K thresh-
old becomes 10.77, 4+ 0.009 eV.

This value, and the other appearance potentials (A.P.)
from GeH, obtained in this work, are summarized in Table
I. Also listed in this table are the results of two studies®*** by
electron impact mass spectrometry and two recent ab initio
calculations.'®?” As implied above, neither electron impact
study detected GeH," . More surprisingly, both electron im-
pact measurements indicate that A.P.(GeH;" ) is 1.0 eV
lower than A.P.(GeH," ), whereas the present results (vide
infra) and the ab initio calculations conclude that
A.P.(GeH," ) <A.P.(GeH; ), by 0.76-0.9 eV. Kudo and
Nagase'® have calculated 4.9 kcal/mol for the enthalpy of
the reaction

GeH,;" - GeH;" + H,, (D

whereas Binning and Curtiss?’ obtained 7.5 kcal/mol. Both
calculations were performed at a fairly high level of theory.
If we utilize our adiabatic ionization potential of GeH, and
our appearance potential of GeH,", we obtain 5.6 + 0.5
kcal/mol for the endothermicity of reaction (1), in rather
good agreement with both calculations.

3. GeH (GeHy)

Initial attempts at determining the threshold for this
process were plagued by an extended region of curvature
near the onset, encompassing at least 50 A [Fig.4(a)]. Var-
ious possible causes were examined, including gradually in-
creasing Franck—Condon factors, scattered light, and pres-
sure effects. Since GeH," (GeH,) simulates the Franck—
Condon effects in this region, an experiment was performed
in which the ratio of intensities (GeH;" )/(GeH," ) was
measured as a function of wavelength, with the anticipation
that the gradually increasing ionization probability would be
canceled in the ratio. This measurement [Fig. 4(b)] did, in
fact, yield a much less curved function vs wavelength, but
with a relatively high “background” ratio, more or less flat,
at longer wavelengths. The experiment was repeated, with

TABLE I. Appearance potentials of GeH,} species from GeH, (eV).

the GeH, pressure reduced by a factor of ~5. A similar
curve was obtained [Fig. 4(c)]; however, the (GeH;" )/
(GeH," ) ratio was reduced in the quasilinear region by
about 10% and the background ratio diminished by a factor
of 3-4. These observations implied that bimolecular colli-
sional effects were playing a role. Collisional decomposition
of GeH,;" could not be implicated, since the abundance of
parent ion was too low to account for the tail in the photoion
yield of GeH;" . It seems most likely that the ion—molecule
reaction

GeH," 4+ GeH,—GeH;" + GeH,4 2)

is responsible for this background. Northrop and Lampe®
report that this reaction has a rate constant of 2.8 X 10~ '°
cm?® molecule s, i.e., it is very fast. We shall show below that
this reaction is exothermic, by about 4 kcal/mol. An upper
limit to the threshold for GeH,;t (GeH,) extracted from
Figs. 4(b) and 4(c) is 1068 + 1 A511.609 +0.01 eV, or
11.65,+ 0.01eVatOK.

4. GeH" (GeH,)
The process responsible for this ion is presumed to be
GeH,—»GeH* + H, + H +e. (3)

It is weak and has a threshold < 12.9eV [see Fig. 1(b)]. The
interesting aspect of this process is the relatively intense,
broad peak centered at 15.5 eV and the autoionizing struc-
ture on the high energy side of this broad peak. A similar
behavior was observed with SiH* (SiH,), butin the GeH ™
case, the peaks are much broader than the instrumental reso-
lution and they display an asymmetric shape. The separation
between peaks ( ~ 1560 cm ™ ") and the general pattern (four
relatively prominent peaks, one weaker one) are rather simi-
lar to the photoelectron spectrum of the inner band (a,) '
of GeH, (see Fig. 1 and Ref. 21). From the adiabatic ioniza-
tion potential (IP) reported for thisband (18.21eV) and the
energy of the first autoionization peak in the GeH™" pho-
toionization spectrum, we calculate an effective quantum
number n* = 2.503. The uppermost occupied a, orbital in
GeH, is expected to be primarily a 4s-like germanium orbi-
tal.?! Rydberg transitions emanating from this orbital can be
anticipated to be p-like in their quantum defect
(6 = n — n*). The observations bear this out. The predict-

Electron impact Calculation
Present data Saalfeld and Northrop and Kudo and Binning and
(0K) Svec® Lange® Nagase® Curtiss?
GeH,' <10.53 + 0.02 e -e 10.2 10.47
GeH;" <11.65,+0.01 10.8 + 0.3 10.9 + 0.2 11.3 11.60
GeH," 10.77, 4+ 0.009 11.8 £ 0.2 119402 10.4 10.79
GeH™ <129 11.34+03 112 +0.2 12.41
Ge* <11.48 10.7+0.2 10.4 +0.2 10.94

2 Reference 24.
®Reference 25.

¢ Reference 18.
4 Reference 27.
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FIG. 4. (a) The photoion yield curve of GeH;" (GeH,), which displays a
long, low energy tail due to collisional effects (see the text). (b) The ratio of
ion intensities (GeH;" /GeH," ) from GeH,, as a function of wavelength.
The GeH, pressure is ~10~* Torr. (c¢) The same as (b), but with P
(GeH,) reduced by a factor ~5.

ed?® p quantum defect for germanium is about 2.4 and thus n
is close to 5. Consequently, the autoionization band in
GeH™ corresponds approximately to an a, — 5p transition.
Bands with similar energies can be observed in GeH," and
GeH," . However, the fractional contribution of autoioniza-
tion in these latter photoion yield curves is smaller, the peak
energies are slightly different, and also the peak shapes.

5. Ge™ (GeHy,)
The most likely origin of Ge™* is the process
GeH,—~Ge™ 4+ 2H, +e. (4)

It has a lower threshold than GeH™, < 11.48 ¢V, and is more
intense [see Fig. 1(b)]. There is less evidence for structure
in this curve than in GeH™ . There are broad features, which
are similar to those in GeH;* and GeH,", at ~13.5 and
~15.5¢eV.

Due to the nature of these processes, the threshold of
both Ge* and GeH™ are regarded as upper limits and are
not useful for thermochemical determinations.

B. Photoionization of the free radicals
1. GeH$ (GeHj3)

The photoion yield curve of GeH;" (GeH,;) is displayed
in Fig. 5. Only the peaks in the hydrogen light source spec-
trum were employed in these measurements. Step structure
isreadily apparent in the region near threshold, with an aver-
age spacing of 8.83 A =393 + 15 cm™". This is most prob-
ably the out-of-plane bending frequency excited in the tran-
sition from pyramidal GeH, to planar or near planar GeH;" .
The adiabatic ionization potential is at least as low as
1560 + 1 A=7.94, + 0.005 V. There is a still weaker fea-
ture at 1568 + 1 A =7.90, + 0.005 eV, but this may be a hot
band. The GeH;" photoion yield curve approaches a plateau
at ~ 1380 A and then increases rather sharply to ~ 1200 10\,
beyond which it begins to decline. The more rapid increase in
ton yield below ~ 1380 Ais suggestive of the onset of an
excited state of GeH;'.

2. GeH* (GeHs)

The GeH™ fragment ion from photodissociative ioniza-
tion of GeH; was measured at m/e =71 as a function of
wavelength and is shown in Fig. 6. The region near the onset
(1380 + 5 A=8.98 + 0.03 eV) is extremely weak. A much
sharper increase occurs below ~ 1285 A. Assuming that the
GeH; species has an internal energy corresponding to 300 K,
we compute a 0 K threshold for GeH™ (GeH,) to occur at
<9.02 eV.

The sharpincrease at A< 1285 A is again suggestive of an
excited state of GeH;" which readily decomposes into
GeH™" + H,. A similar behavior (weak signal near thresh-
old, more abrupt increase at higher energy) was observed in
the corresponding photodissociative ionization process in-
volving SiH,.! No experimental data have yet been pub-
lished on the first excited state of GeH;t and SiH;' . Avail-
able calculations indicate that the formation of such an
excited state should occur by single electron ejection from an
e-type orbital, which allows for Jahn—Teller distortion. One
may speculate that the more rapid increase in GeH™
(GeH,), and the corresponding increase in SiH™ (SiH;),
occurs when a Jahn-Teller state is accessed which has a larg-
er ionization and/or dissociative ionization probability.

J. Chem. Phvs., Vol. 92, No. 3, 1 February 1990
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3. GeH} (GeH,)

In the related study of the SiH, produced by the succes-
sive abstraction reactions with atomic fluorine, little diffi-
culty was encountered in observing SiH;* (SiH,). In fact,
evidence was presented for the formation and detection of
both the X '4, and a B, states of SiH,. Since the Ge-H
bonds are expected to be weaker than the Si—-H bonds, it was
anticipated that the detection of GeH," (GeH,) would be
straightforward. Instead, a weak signal was observed at m/
e =72, most of which was "*Ge™*, rather than °GeH,', as
judged by a corresponding signal at m/e = 70 ("°Ge™ ). The
m/e = 70 signal was followed to longer wavelengths and

1.0

was consistent with the presence of atomic germanium in the
reaction vessel. In the corresponding SiH, reaction,’
SiH* (SiH) could be detected, but not atomic silicon. We
speculate that GeH, is generated in the F 4+ GeH, reaction,
but that most of it is decomposed upon collision with other
molecules or on the wall, producing atomic germanium. A
few such collisions are expected in our reaction cell before
the species can exit through the 5 mm orifice. If GeH, is
formed in both X '4, and a *B, states, and the branching
ratio favors a *B,, this excited species may more readily de-
composeinto Ge + H,. A further indication of the rapid loss
of GeH, is the absence of any detectable signal for GeH™*
(GeH). Presumably, GeH would be formed by the
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F + GeH, reaction; the weakness of the GeH, signal makes
the probability of formation of GeH less likely.

Despite these difficulties, an upper limit to the adiabatic
ionization potential of GeH, was obtained by laborious mea-
surement of the signal at m/e = 72 as a function of wave-
length. The ionization potential of atomic germanium is
7.8995 eV2#=1569.5 A. That of GeH, is expected to be con-
siderably higher. One observes (Fig. 7) a somewhat higher
value for this signal between 1200-1300 A and then a rather
rapid decline to ~ 1340 A. The background to longer wave-
length is attributable to 7*Ge ™. Hence, the adiabatic ioniza-
tion potential of GeH, is <9.25 eV=1340 A. A much better
measurement could undoubtedly be performed with monoi-
sotopic Ge, since the signal would be five times stronger and
the background of atomic germanium would be absent.

The adiabatic ionization potentials of the GeH,, free
radicals obtained in the current study are summarized in
Table II. Also shown are the results of the recent ab initio
calculations of Binning and Curtiss.?’

IV. INTERPRETATION OF RESULTS
A. Thermochemistry

Gunn and Green?® measured the heat of formation of
GeH, at 298 K and obtained + 21.6 4 0.5 kcal/mol. This
value (for some reason, 21.7 kcal/mol was used) has been
erroneously converted to 0 K in various compilations,***'
but a more nearly correct value 24.29 kcal/mol is given in
the National Bureau of Standards tabulation.?? The heat of
formation of atomic germanium?® (0 K) is 88.2 + 0.7 kcal/
mol and that of atomic hydrogen® is 51.634 kcal/mol. By
combining these quantities in appropriate stoichiometric
fashion, one obtains 270.5 + 0.9 kcal/mol for the heat of
atomization of GeH,. ,

From the present measurements, an upper limit to the

1871

appearance potential of GeH;" (GeH,) is 11.65, 4+ 0.01 eV
and the adiabatic ionization potential of GeH, is 7.94; eV.
This leads to D, (H;Ge-H) <3.70, eV =85.5 kcal/mol. This
value is almost certainly too high. The appearance potential
of GeH;" (GeH,) is very likely shifted to higher energy,
since GeH;" is the second (higher energy) fragment. On the
other hand, the value favored by Setser and co-workers,*
78.0 + 1.0 kcal/mol, may well be a lower limit, although
they regard it as an upper limit. These authors have reacted
F, Cl, and O with GeH,. The reaction of choice*® involved
F atoms and the exoergicity of this reaction was determined
by the maximum excitation of HF product. This was cor-
rected for thermal energy (3RT = 1.8 kcal/mol) and an ac-
tivation energy of 0.5 kcal/mol. However, in an earlier
paper,*” in which the F + GeH, reaction was described,
they note that if they ... ignore the contribution of thermal
energy to the reaction D(H-GeH,)<78.4 kcal/mol... .”
Clearly, the higher the excitation observed in product HF,
the weaker is the H;Ge—H bond energy. However, if some of
the HF excitation derives from the initial internal energy of
GeH,, a corrected value taking into account this internal
energy would increase the derived value of D, (H,Ge-H).
The contribution of rotational energy may be most suspect.
The B constant (inverse moment of inertia) of the spherical
top GeH, molecule is 2.69 cm™ ', very nearly that (2.65
cm ') of the CD, molecule. The thermal distribution of
rotational levels for a spherical top

NJ~(2J+1)2873(J)(J+I)/1(T (5)

is given by Herzberg™ for CD, at 300 K. One can see that,
although the most probable value of J is about 10
(E,, = 0.85 kcal/mol), a substantial fraction of the mole-
cules have J>15 (E|5s = 1.85 kcal/mol), and a not insignifi-
cant fraction have J>20 (E,, = 3.24 kcal/mol). Hence, a
possible interpretation of the chemiluminescence experi-
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TABLE I1. Tonization thresholds from GeH,, free radicals (eV).

Present work

Calculation®

GeH,~GeH; +e <7.94, + 0.005
GeH,~GeH* + H, + ¢ £9.02 + 0.03

GeH,—-GeH;" + ¢ <9.25
GeH-GeH™* + ¢

7.92
8.73
9.09

7.67 (7.74°)

*Reference 27.
® With spin—orbit correction.

ments would lead to D, (H,;Ge-H) =81 kcal/mol. We esti-
mate that the kinetic shift in the appearance potential of
GeH;" (GeH,) could be 34 kcal/mol, which would reduce
D, (H;Ge-H) from our upper limit of 85.5 to ~ 82 kcal/
mol. Such a value would be in satisfactory agreement with
the iodination results of Walsh and co-workers® 83 4+ 2.4
kcal/mol. On this basis, our current best estimate is 82 + 2
kcal/mol for D, (H,Ge-H). This implies AH §, (GeH,)
= 54.7 4+ 2 kcal/mol.

The appearance potential of GeH,;" (GeH,) reported in
this study, 10.77, + 0.009 eV, should be a fairly reliable
quantity. The GeH;' is the first fragment and the approach
to threshold is not far from linear. However, the difficulties
encountered in the measurement of GeH," (GeH,) enable
us to extract only an upper limit <9.25 eV for this adiabatic
ionization potential. From this information, we can deduce
AH,>1.522 eV=35.1 kcal/mol for the decomposition reac-
tion

GeH,-GeH, + H,. (6)

Binning and Curtiss?’ have calculated 9.08 eV for the adia-
batic ionization potential of GeH,. With this value, the en-
dothermicity of reaction (4) becomes 39.0 kcal/mol. This
result is intriguingly close to the enthalpy inferred for ther-
mal decomposition of germane to GeH, + H,. Newman et
al.** have performed shock tube studies and used Rice-
Ramsberger—Kassel-Marcus (RRKM) theory to deter-
mine the activation energy for the forward (54.3 kcal/mol)
and backward (15 4+ 10 kcal/mol) reactions. The net de-
composition energy is thus 39.3 + 10 kcal/mol. Reference
5(b) cites unpublished work by Walsh which is equivalent to
35.3 + 3 kcal/mol for this reaction. Devyatykh and Fro-
lov*® have obtained 37.5 kcal/mol for the activation energy
of the heterogeneous decomposition of GeH, on a germani-
um film surface, which apparently acts as a catalyst for this
reaction. While the mechanism of this latter decomposition
is not clear, it may be that the rate determining step is the
decomposition to GeH, + H,. The GeH, product should
readily decompose to Ge (solid) + H,.

From the endothermicity of reaction (6), we conclude
that AH,;>138.4 kcal/mol and, more probably, 141 + 2
kcal/mol for the reaction

GeH,— GeH, + 2H. (N
With our choice of the HyGe-H bond energy, we infer
Dy,(H,Ge-H) > 56.4 kcal/mol and more probably 59 kcal/

mol. Hence AH 3, (GeH,) >59.3 kcal/mol and, more prob-
ably, 61.8 kcal/mol.

We are left with about 129.6 kcal/mol ( < 132.1 kcal/
mol) to apportion to the remaining bond energies. Since
GeH was not detected in the present experiments, our con-
clusions are of necessity more speculative and dependent in
part on other sources. We have measured the threshold for
the reaction

GeH,;-GeH™ + H, (8)

to be <9.02 eV. Binning and Curtiss*’ have calculated the
adiabatic ionization potential of GeH and obtained 7.66 eV.
This seems a plausible value, based on the following consid-
erations. The ionization potential of CH (10.64¢eV) 8is0.628
eV less than that of C (11.2676 V) .3 The ionization poten-
tial of SiH (7.91 eV)!is 0.24 eV less than that of Si (8.1517
eV).>” By extrapolating this trend, we anticipate that
IP(GeH) will be less than that of Ge (7.8995 eV)?® by an
increment less than 0.24 eV. Also, we expect IP(GeH) to be
less than IP(SiH). Accepting the value of Binning and Cur-
tiss for IP(GeH), we can deduce AH,<31.4 kcal/mol for
the reaction

GeH,—~GeH + H,. &)

With our previously selected value for AH ?0 (GeH,), this
enthalpy leads to AH ?0 (GeH) <86 kcal/mol, or Dy,(GeH)
>2.33 eV.

Thus, 2.33 eV<D,(GeH) <3.3 eV, the latter value being
the upper limit established by a predissociation. The calcu-
lated and recommended value of Balasubramanian and Li,'°
2.74 + 0.05 eV, meets this criterion. At this time, it is the
most reliable value for D, (GeH). With this choice,
Dy(HGe-H) < 68.9 kcal/mol and, more probably, 66.4
kcal/mol. The heats of formation of the GeH,, and GeH,'
species deduced from the above analysis are summarized in
Table III. The stepwise bond energies of GeH,_,-H
(n = 1-4) are listed in Table IV.

With the current data on GeH,, bond energies, the re-
cently established SiH,,' and previously known CH, ,? it is
useful to draw some comparisons. In order to normalize
these observations, we divide each bond energy by the aver-
age bond energy for that system, i.e., 98.1, 75.7, and 67.7
kcal/mol for CH,, SiH,, and GeH,, respectively. A plot of
this fractional bond energy vs the type of bond (M-H, HM-
H, etc.) appears in Fig. 8. It is immediately apparent that the
pattern of GeH, bonding is quite similar to that of SiH,,, but
markedly different from CH,. The H,M-H bond is the
weakest one in GeH,, and SiH,,, but the strongest in CH,,.
Goddard and Harding have prefigured this qualitative be-
havior in their review article.*® In particular, the decrease in
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TABLE III. Heats of formation of GeH,, and GeH,} .

Walsh and
co-workers®

Setser and

Present work?® co-workers®

Binning and
Curtiss?

AHY, (GeH,) (kcal/mol)

GeH, (24.19)° (24.19)° (24.19)¢
GeH, <58.1 50.6 552424
(54.7 + 2)
GeH, >59.3 60.4 + 3.8
(61.8)
GeH <86
(76.8)
AHY, (GeH,!) (kcal/mol)
GeH; 267
GeH;" <241
(238)
GeH; <2726 +02
GeH™ <266

16.8[19.6]
50.0(52.8]

56.4[59.2]

74.9[76.0]

258[261]
232.6(235.4]

266.0{268.8]
251.7]254.5]

*Quantities in parentheses are more probable values.
® Reference 4.
“Reference S.

4 Reference 27. Quantities in square brackets include an estimated spin~orbit correction.

“Based on AH 05 = 21.6 + 0.5 kcal/mol from Ref. 28, corrected to 0 K.

bonding strength between HM-H and H,M-H for SiH,, and
GeH,, is attributed to the need for unpairing the spins (not-
ing that both SiH, and GeH, have '4, ground states),
whereas this is not necessary for CH, (which has a 3B,
ground state).

The strikingly similar pattern of SiH, and GeH,, sug-
gests that the big change occurs between first row and sec-
ond row elements and that SnH, bond strengths may be
predicted by knowing the atomization energy and making
use of Fig. 8. Thus, from AH, (SnH,) = 41.8 4 0.5 kcal/
mol**** and AH, (Sn,g) = 72.0 + 0.2 kcal/mol,? the atom-
ization energy is 236.7 + 0.5 kcal/mol, or an average bond
energy of 59.2 kcal/mol. Using Fig. 8, we estimate (kcal/
mol) D,(Sn-H) =55, D,(HSn-H) =58, D,(H,Sn-H)
= 51.5, and Dy(H;Sn—-H) = 71.6. The only experimental
value available for comparison is D,(Sn—-H)<62.9 kcal/
mol® based on an observed predissociation. However, a rath-

TABLE IV. Stepwise bond energies (kcal/mol, 0 K).

er extensive relativistic quantum mechanical calculation®
yields D,(Sn—~H) = 53 kcal/mol.

B. Implications from the thermochemical results
1. The ion-molecule reaction

The data contained in Table III enable us to evaluate the
enthalpy of the ion—molecule reaction (2). The rigorous up-
per limit for AH 2,(GeH,) and AH 9, (GeH;") leads to
AHY < — 2.3 kcal/mol, while the more probable values for
these quantities yield AHJ = — 4.1kcal/mol. The evidence
in our data for a background which is quadratic in pressure is
consistent with reaction (2) being slightly exoergic and hav-
ing no significant activation barrier. From data given in Ref.
1, the analogous reaction of SiH;* with SiH, is exoergic by
about 3 kcal/mol. This latter reaction has been measured*®
to have a rate constant > 10~° cm®/molecule s, i.e., typical of

Present Setser and Walsh and Klynning and
study® co-workers® co-workers® Lindgren® Calculations
H,Ge-H <85.5(82+2) 780+1.0 82.7+24 84.8°
H,Ge-H > 56.4(59) - 569429 58.0°
H-Ge-H <68.9(66) . e 70.2°[68.5]
Ge-H >53.7(63) <76.1 63.2 + 17,64.9°[63.8]

*Quantities in parentheses are more probable values.
® Reference 4.
¢ Reference 5.
4 Reference 9.

¢Reference 27. Quantities in square brackets include an estimated spin—orbit correction.

fReference 10.
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FIG. 8. The ratio of a particular bond energy to the average bond energy,
plotted against the sequential bonds M—-H, HM-H, H,M-H, and H;M-H,
where M = C (O); Si(0); and Ge(A).

an exoergic, very rapid ion—~molecule reaction, which ap-
pears also to be the case for the GeH," 4+ GeH, reaction.?’

2. The presence of atomic germanium

In our earlier studies’ on the reaction products from the
F + SiH, reaction, we observed SiH,, SiH, (both X !4, and
a*B,) and SiH, but no Si(g). In the present studies of the
F 4+ GeH, reaction, we observe GeH;, some GeH,, no GeH,
but some Ge(g). Our interpretation of this difference in be-
havior is based on the relative stability of SiH, and GeH,.

It is now fairly well established' that AH ), (SiH,)
= 65.6 £ 2 kcal/mol. The heat of formation of atomic sili-
con® is 106.5 + 2 kcal/mol. Hence, we compute

SiH,(X '4,) -Si(g) + H,, AHJ, = 40.9 kcal/mol.
(10)

The a*B, state of SiH,, which lies 21.0 + 0.7 kcal/mol
above X 'A,, is still stable with respect to these decomposi-
tion products by 19.9 + 2.8 kcal/mol. In the present work,
we have established that AH %, (GeH,)>59.35 kcal/mol
and, more probably, 61.8 kcal/mol. The heat of formation>
of atomic germanium is 88.2 + 0.7 kcal/mol. From this in-
formation, we compute

GeH,—Ge(g) + H,, AH $,<28.9 kcal/mol (1)

and, more probably, AH 9, = 26.4 kcal/mol.

Several calculations''™* cited in the Introduction con-
clude that the ground state of GeH, is '4, (as in SiH,) and
the a *B, state lies 23 + 2 kcal/mol above '4,. Hence, the
current best estimate is that GeH, (A4 *B,) is barely stable
with respect to Ge(g) + H,. There is sufficient uncertainty
in the ionization potential of GeH, and the singlet—triplet
separation to allow for GeH,(a *B,) to be unstable. If this is
the case, and if the accommodation coefficient of atomic ger-
manium on the surface of our reaction chamber is signifi-
cantly less than unity, then atomic germanium could survive
and be detected in our experiment. This would appear tobe a
plausible explanation for the stated observations. It suggests
that the reaction F + GeH; generates GeH,(a *B,) in at
least comparable abundance to X '4,.

C. Structural implications
1. GeH;

The weak intensity of GeH,', and the very large (0.8
eV) difference between our observed adiabatic ionization
potential and that deduced from photoelectron spectroscopy
strongly support the conclusion of Kudo and Nagase,'® i.e.,
GeH,' in its ground state must have a structure very far
from tetrahedral. Their conclusion that this GeH," struc-
ture looks like GeH," - H,, with C, symmetry, is very similar
to the earlier results'’®?® on SiH," .

2. GeH}

Neutral GeH; appears to be less pyramidal®! (i.e., closer
to planar) than SiH,. Since the ground state of SiH;" has
been calculated to be planar, it is quite likely that the ground
state of GeH;'" is also planar. The next deeper lying occupied
orbital in both SiH; and GeH, has e symmetry. Single elec-
tron ejection from this orbital should produce the first excit-
ed state of the cation, which should be subject to Jahn—Teller
distortion. The unusual behavior of the photoion yield
curves in both SiH™ (SiH;) and GeH* (GeH,), displaying
a very gradual increase from threshold, and then (at higher
energy) a more abrupt increase are believed to reflect the
Franck-Condon probabilities in the excitation of pyramidal
GeH; (SiH;) to the Jahn-Teller distorted states.

V. CONCLUSIONS

The adiabatic ionization potential of GeH, has been
measured to be <10.53 eV (perhaps as low as 10.44 eV)
much lower than the value (11.3 eV) obtained by photoelec-
tron spectroscopy. The very weak GeH," signal between
10.5-11.3 eV implies a large Jahn-Teller distortion of
GeH," from a tetrahedral structure. The appearance poten-
tial of GeH," (GeH,) is <10.77, + 0.009 eV; that of GeH ;*
(GeH,) is < 11.65; 4 0.01 eV. The free radicals GeH, and
GeH, have been generated by the F 4 GeH, reaction. The
adiabatic ionization potential of GeH, is 7.94; + 0.005 €V;
that of GeH, is <9.25 eV. The appearance potential of
GeH™ (GeHj;) is <9.02 eV. These data, together with auxil-
iary information, lead to the following heats of formation in
kcal/mol at 0 K (more probable values in parentheses):

GeH; <58.1 (54.74+2); GeH,>59.3 (61.8);
GeH<86 (76.8).
Corresponding values for the cations are
GeH,” =267; GeH;" <241 (238.5);
GeH," <272.6 + 0.2; GeH™ <266.

The incremental bond energies (kcal/mol) deduced
from these studies are Dy(H,Ge-H) <855 (82+2),
Dy(H,Ge-H) > 56.4 (59), D,(HGe-H) < 68.9 (66.3), and
Dy(GeH) > 53.7 (63). The specific bond energy (normal-
ized to average bond energy) in GeH),, is remarkably similar
to that in SiH,, but markedly different from that in CH,,.
This observation is used to estimate the individual bond en-
ergies in SnH, . The ion—-molecule reaction GeH," + GeH,
—GeH;" + GeH,; is observed and inferred to be slightly ex-
othermic. The prescence of Ge(g) and absence of GeH in the
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F + GeH, reaction is interpreted to result from the instabil-
ity of GeH,(a *B,) to decomposition into Ge(g) + H.,.

An autoionization band is observed in the GeH™
(GeH,) photoion yield curve (and also, less markedly, in
GeH," and GeH;" ) which is assigned to an ¢, — 5p transi-
tion in GeH,.
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